HOTAIR is a negative prognostic factor and is overexpressed in multiple human cancers including glioblastoma multiform (GBM). Survival analysis of Chinese Glioma Genome Atlas (CGGA) patient data indicated that high HOTAIR expression was associated with poor outcome in GBM patients. NLK (Nemo-like kinase), a negative regulator of the β-catenin pathway, was negatively correlated with HOTAIR expression. When the β-catenin pathway was inhibited, GBM cells became susceptible to cell cycle arrest and inhibition of invasion. Introduction of the HOTAIR 5' domain in human glioma-derived astrocytoma induced β-catenin. An intracranial animal model was used to confirm that HOTAIR depletion inhibited GBM cell migration/invasion. In the orthotopic model, HOTAIR was required for GBM formation in vivo. In summary, HOTAIR is a potential therapeutic target in GBM.
INTRODUCTION
Glioblastoma multiform (GBM) is the most malignant tumor of the human central nervous system. Despite advances in combination treatments of radiation and chemotherapy following surgical resection of the tumor, the prognosis of GBM remains poor, with an average survival time of less than one year [1, 2] .
The epidermal growth factor receptor (EGFR) is overexpressed in a variety of human epithelial tumors [3] . Amplification of the EGFR gene, with the subsequent overexpression of the EGFR protein, is the most common genetic alteration in GBM, occurring at a frequency of approximately 34-63% [4, 5] . Aberrant signaling of EGFRvIII (the most common extracellular mutation) has been shown to be important in driving tumor progression and often correlates with poor prognosis for GBM patients [6, 7] .
Mounting evidence has demonstrated that a large number of noncoding RNAs (ncRNAs) are involved in human cancers, including glioma [8, 9] . Up to 3000 human long noncoding RNAs (lncRNAs) have been shown to have important functions in human normal or disease states [10] . HOTAIR is a ~2000bp lncRNA that is encoded antisense to the HOXC locus, one of the four chromosomal loci (HOXA to D) containing the clustered HOX genes [8, 11] . HOTAIR regulates the transcriptional silencing of genes of the HOXD locus and other genetic loci by binding to Polycomb repressive complex 2 (PRC2) (EZH2, SUZ12 and EED) at its 5' end and localizing it to the specific site where H3K27 trimethylation and epigenetic silencing of gene expression occur [10] . Moreover, HOTAIR interacts with another chromatin complex, the lysine-specific demethylase 1 (LSD1)-CoREST complex, which mediates the removal of mono-and di-methylation of H3K4, a histone mark associated with gene activation, in nucleosomes [11] [12] [13] .
Current research indicates that HOTAIR is a negative prognostic factor for survival of patients with breast and colon cancer and glioma, and increased HOTAIR expression in patients has been correlated with increased metastasis [11, [14] [15] [16] . Our previous research indicated that HOTAIR promoted malignant progression and poor prognosis in glioma patients and exhibited prooncogenic activity [16] .
Abnormal activation of the Wnt/β-catenin pathway has been reported to participate in malignant progression and has been implicated in poor prognosis of malignant glioma cells, highlighting it as a potential therapeutic target for gliomas [17] [18] [19] . Canonical Wnt signaling activates target genes by promoting association of the coactivator β-catenin with TCF/LEF transcription factors [20] . NLK phosphorylates TCF/LEF and inhibits the interaction of the β-catenin-TCF complex with the DNA binding region of downstream targets [21] .
However, the therapeutic potential of HOTAIR in GBM is not well defined, and the underlying mechanisms are unknown. Therefore, in the present study, we aimed to determine the role of HOTAIR in regulating the β-catenin pathway. We determined that GBM cell cycle progression and invasion were significantly attenuated when HOTAIR was depleted.
RESULTS

High expression of HOTAIR correlates with NLK expression and confers a poor prognosis in GBM patients
First, we analyzed changes in mRNA levels in HOTAIR-depleted U87 GBM cells. In total, we validated differential expression of 1,288 upregulated genes and 1,628 downregulated genes compared with cells treated with Lenti-NC virus ( Figure 1A ). Furthermore, we combined the mRNA sequencing data and the publically available microarray gene expression data for glioblastoma patients: 123 samples of GBM from TCGA (Agilent 4502A-1) [22] , 34 samples of GBM from CGGA2 [23] , 227 samples of GBM from Rembrandt [24] , 79 samples of GBM from TTseq [25] , and 77 samples of GBM from GSE4290 [26] . For each data cohort, Pearson correlation
Figure 1: High levels of HOTAIR correlate with NLK expression and confer a poor prognosis in GBM patients. (A)
The sequencing data from HOTAIR-depleted U87 cells overlapped with that of glioma genome atlas public databases. (B) HOTAIR was highly expressed in grade IV gliomas (P < 0.05). (C) NLK was expressed at a lower level in grade III and IV gliomas (P < 0.05). (D) Pearson's correlation analysis indicated that HOTAIR expression was negatively associated with NLK expression (r = 0.156, P < 0.01). (E) Kaplan-Meier survival curve analysis indicated that GBM patients with lower HOTAIR expression showed prolonged survival compared with patients with high levels of HOTAIR (P < 0.001). www.impactjournals.com/oncotarget was used to evaluate the correlation between the expression of HOTAIR and that of other genes. A significant HOTAIRassociated gene was identified when the P value of the correlation was less than 0.05. We discovered that the expression of NLK was significantly associated with that of HOTAIR in four data cohorts except in TTseq data cohort (see Supplementary Figure S1A-S1E).
Second, we measured HOTAIR expression by whole gene profiling of 310 glioma and 5 normal brain tissues (CGGA1). The level of HOTAIR expression in GBM was higher than in other low grade gliomas and normal brain tissues (P < 0.05, Figure 1B ). In addition, NLK was decreased in grade III and IV gliomas compared with grade II gliomas and normal brain tissues (P < 0.05, Figure 1C ). Pearson's correlation analysis indicated that HOTAIR expression was negatively associated with NLK expression in 108 GBM samples of the cohort (r = 0.156, P < 0.05; Figure  1D ). Kaplan-Meier survival analysis showed that patients with low HOTAIR expression (n = 54) had significantly increased overall survival compared with patients with high HOTAIR expression (n = 54, P < 0.05; Figure 1E ).
Third, a high level of HOTAIR expression was associated with age at diagnosis (P = 0.009), MGMT promoter methylation (P < 0.05, Table 1 ) in all the analyzed GBM samples. Gender, KPS score, resection status, and expression of MGMT, Ki-67, and PTEN were not correlated with HOTAIR expression. Next, we conducted univariate Cox regression analysis using clinical and genetic variables for 109 primary GBM patients from the CGGA1 cohort and found that high expression of HOTAIR, age at diagnosis, IDH1 mutation, KPS score, and Ki-67 expression were statistically associated with overall survival. Then we evaluated these factors with p value < 0.05 by using a multivariate Cox proportional hazards model. The analysis revealed that HOTAIR expression, age at diagnosis, KPS score, and Ki-67 expression correlated independently with overall survival ( Table 2 ).
HOTAIR regulates the β-catenin signaling pathway by inhibiting the transcription of NLK
HOTAIR knockdown induces or represses multiple genes that could contribute to the functional pro-oncogenic activity of HOTAIR in GBM. Therefore, we measured NLK expression in Lenti-HOTAIR si-treated GBM cells and found that NLK expression was significantly elevated compared with the Lenti-NC-treated cells (Figure 2A ). DZNEP and 2PCPA, an EZH2 or LSD1 inhibitor that may block the function of the HOTAIR 5' or 3' domain, was used to further study the role of HOTAIR in regulating target gene expression. DZNEP treatment increased the expression of NLK in both U87 and U87vIII GBM cells ( Figure 2B ). 2PCPA treated U87 and U87vIII GBM cells showed no significant NLK expression ( Figure 2B ). Interestingly, introduction of the HOTAIR 5' domain into an astrocytoma-derived primary culture dramatically decreased NLK expression, whereas the HOTAIR 3' domain did not have this effect ( Figure 2C ).
To study the underlying mechanism by which NLK transcription was suppressed by HOTAIR-mediated H3K27 trimethylation, we analyzed the promoter and 5' UTR region of the NLK gene (approximately 5,000 bp) using an H3K27me3 CHIP assay. CHIP-PCR results indicated that HOTAIR knockdown inhibited H3K27me3 binding to NLK gene promoter regulatory elements ( Figure 2D and 2E). Previous studies indicated that NLK inhibits the β-catenin signaling pathway in glioma. Thus, we next measured whether HOTAIR deletion affect β-catenin transcriptional activity by the TOP/FOP flash reporter plasmid. Compared with Lenti-NC-treated cells, remarkably decreased activity of the β-catenin/TCF4 pathway in Lenti-HOTAIR si-treated cells was detected in both U87 and U87vIII GBM cells (P < 0.05, Figure 3A ). DZNEP treatment, rather than 2PCPA, significantly inhibited β-catenin/TCF4 activity by TOP/FOP flash reporter assay ( Figure 3B ). Western blotting results showed that the Lenti-HOTAIR si plasmid decreased the expression of β-catenin and the levels of p-β-catenin, particularly in whole cell lysate, nucleus and cytosol lysate ( Figure 3C , 3E and 3F). More importantly, in DZNEPtreated cells, the levels of β-catenin and p-β-catenin in the nucleus were decreased ( Figure 3D ). Introducing HOTAIR 5' domain remarkably increased NLK expression in astrocytoma while introducing HOTAIR 3' domain didn't ( Figure 3G ). Nuclear recruitment of PKM2 was required for nuclear accumulation of β-catenin, and in HOTAIR inhibited U87 and U87vIII cells, both IP (Immunoprecipitation) and IF (Immunofluorescence) results indicated that nuclear PKM2 expression was significantly suppressed (Figure 3H, 3I) .
HOTAIR regulates GBM cell cycle progression in vitro
Our previous report indicated that HOTAIR knockdown blocked the cell cycle at G1 phase [16] . To further study the underlying mechanism of this phenomenon, we compared the cell cycle distribution after treatment with Lenti-HOTAIR si and the EZH2 inhibitor for 48 hr. Flow cytometry data revealed that both HOTAIR-depleted U87 and U87vIII GBM cells increased about 1.3-1.5 fold in G1 phase and a decreased 1.4-1.7 fold in replicating S phase ( Figure 4A , P < 0.05). The tumor suppressor retinoblastoma protein (RB) and the CDK inhibitors p21 and p16 were upregulated upon HOTAIR knockdown. Notably, HOTAIR-depleted cells also showed an increased level of phosphorylated RB ( Figure 4C ). Cell cycle arrest phenotypes, including G1 arrest, and a significant reduction in the percentage of cells in S phase were also observed in DZNEP-treated U87 and U87vIII cells, whereas 2PCPA treatment did not affect the cell cycle ( Figure 4B and 4D) . Moreover, we overexpressed the HOTAIR 3' or 5' domain in an astrocytoma-derived primary culture ( Figure 4E ). Western blots indicated that overexpression of the 5' domain decreased the levels of pRB and upregulated cyclinD1 expression. These data provide important evidence that the HOTAIR 5' domain binds to EZH2 in GBM cells and regulates cell cycle progression.
HOTAIR regulates GBM invasion in vitro
HOTAIR has been characterized as a molecule involved in cancer cell invasion. Consistent with these findings, our research revealed that HOTAIR is involved in GBM cell ECM function. Consequently, we determined HOTAIR regulates the ability of GBM cells to migrate and invade by evaluating EMT-related markers, including E/N-cadherin and etc. The clone diameter of HOTAIR depleted U87 and U87vIII cell was smaller than the Lenti-NC treated cells ( Figure 5A ). Lenti-HOTAIR si treatment decreased the number of both U87 and U87vIII cells that migrated through the Transwell membrane by 50% compared with Lenti-NC treated cells ( Figure 5B ). Inhibition of HOTAIR decreased U87 and U87vIII cell migration, as shown by wound healing assays ( Figure 5C ). In addition, Lenti-HOTAIR si treatment increased E-cadherin expression by 2-fold and decreased N-cadherin at the protein level ( Figure 5D ). Accordingly, DZNEP treatment induced similar alterations in E/Ncadherin, Zeb-1, Slug and NF-κB ( Figure 5E ). In contrast, 2-PCPA did not affect EMT markers. We also employed a gain-of-function method to further analyze the role of HOTAIR in GBM cell invasion. Expression of the 5' domain of HOTAIR introduced into astrocytoma cells induced N-cadherin and Slug expression and suppressed E-cadherin expression. However, expression of the HOTAIR 3' domain did not affect the expression of EMT markers in GBM cells ( Figure 5F ).
We next performed immunofluorescence staining to evaluate N-cadherin expression and F-actin morphological changes induced by HOTAIR depletion. In order to prove these changes were universal, we employed a breast cancer cell line (MCF-7) for research use. As shown in Figure 5G , in all cell lines, Lenti-HOTAIR si-infected cells showed epithelial cell features and were characterized by decreased N-cadherin expression. Moreover, F-actin showed a cortical pattern that is typical of epithelial cells. In contrast, the cells treated with Lenti-NC showed a mesenchymal morphology, as indicated by N-cadherin expression in the cytoplasm. Morphologically, F-actin showed a stress fiber pattern.
E-and N-cadherin are core proteins that determine epithelial cell phenotype because lack of expression in cancer cells drives the EMT process and promotes cancer cell migration or invasion [27] . E-cadherin was reported to cross-talk with ZEB1 [28] , NF-κB [29] and twist1 [30] , and we validated that Lenti-HOTAIR si treatment led to a decrease in the expression of ZEB1, NF-κB and twist1 in GBM and MCF-7 cells. These results confirmed that HOTAIR plays a crucial role in regulating EMT by affecting GBM cell invasion and migration.
HOTAIR knockdown inhibited tumor growth of an in vivo U87 and U87vIII orthotopic GBM model
To further verify the role of HOTAIR and to determine the therapeutic potential of depleting HOTAIR, we established GBM orthotopic mouse models using U87 and U87vIII cell lines as described previously [31] . For both models, Lenti-HOTAIR si resulted in a significant reduction of the intracranial tumor volume compared with the Lenti-NC groups ( Figure 6A ). Compared with nude mice injected with Lenti-NC-treated U87 cells (median survival: 9 days) and U87vIII cells (median survival: 13 days), the mice bearing tumors derived from HOTAIRdepleted U87 cells (median survival: 20 days) and U87vIII cells (median survival: 21 days) showed prolonged survival by Kaplan-Meier survival curves (P < 0.05; Figure 6B ). In vivo bioluminescence imagingindicated that the volume of tumors derived from HOTAIR-depleted cells was decreased compared with tumors derived from control cells in both cell lines (80% reduction in U87 with p < 0.05 and 75% reduction in U87vIII with p < 0.05; Figure 6A ). Morphologically, HE-stained slides indicated that HOTAIR knockdown induced shrinkage of tumor cell nuclei ( Figure 6C ). We next performed IHC staining to evaluate the pathological changes in each of the GBM orthotopic tumors. After HOTAIR knockdown, both U87 and U87vIII GBM cells showed significant changes in the β-catenin pathway, cell cycle regulators and EMT markers. For each model, representative sections are shown in Figure 6D . Compared with control tumors, Lenti-HOTAIR si treatment significantly inhibited β-catenin and Ki-67 expression, and elevated NLK expression. For cell cycle regulators, the expression of p21 was upregulated, indicating that Lenti-HOTAIR si treatment block the cell cycle of GBM cells at G1 phase in vivo. For EMT markers, Lenti-HOTAIR si-treated tumor models showed decreased expression of Slug. These results showed that HOTAIR may serve as a potential therapeutic target for GBM in vivo.
DISCUSSION
Because EGFR activation is common in GBM, blocking the tyrosine kinase activity of EGFR has been the most attractive strategy for anti-GBM therapy [32] . Although kinase inhibitors (for example, erlotinib and gefitinib) and monoclonal antibodies (such as cetuximab and nimotuzumab) that target the EGFR pathway have been widely used, the outcome of GBM patients remains poor [33] . Targeting non-coding RNA could sensitize human glioma cell to anti-EGFR therapy [34] . To identify a better therapeutic target for this highly malignant tumor, we first reported the novel mechanism that long noncoding RNA HOTAIR regulates cell cycle progression and invasion through an NLK/β-catenin axis in GBM samples with different EGFR statuses.
The HOTAIR gene is located within the HOXC gene cluster on chromosome 12 and encodes a 2.2 kb lincRNA molecule that repressed transcription in the more distal HOXD locus in foreskin fibroblasts [35] . Extensive functional studies have indicated that overexpression of HOTAIR occurs in the majority of human solid tumors; strongly suggesting that HOTAIR promotes cancer progression [9] [10] [11] [12] [13] [14] [15] [16] . HOTAIR knockdown induced G0/ G1 cell cycle arrest in lung adenocarcinoma cells by increasing p21 expression and inhibited gastric cancer cell invasion by inhibiting HER2 [36, 37] . In the present study, the survival rate of GBM patients expressing high levels of HOTAIR was significantly shorter than that of GBM patients expressing low levels of HOTAIR. Moreover, we screened a large number of differentially expressed genes by analyzing different genome atlas databases and our RNA sequencing database in HOTAIR-depleted U87 GBM cells. Among these differentially expressed genes, NLK is known to be an important modulator of the β-catenin pathway by affecting the binding of the β-catenin/TCF/LEF complex to its target DNA sequence by phosphorylating LEF1 [21, 38, 39] . Notably, the expression level of β-catenin (or its phosphorylated form) and its transcriptional activity were dramatically inhibited by the elevated NLK level in U87 and U87vIII cells. CHIP-PCR indicated that HOTAIR-mediated H3K27 trimethylation was responsible for decreased NLK expression, which contributed to a stable β-catenin level in GBM. According to previous knowledge, Methylguanine Methyl Transferase (MGMT) and ALDH1A3 promoter methylation, IDH1 mutation were important prognosis predictors to GBM. Interestingly, we found that MGMT promoter methylation status was statistically different between HOTAIR high and low expressed GBM samples and these findings remaindered that HOTAIR might involved in GBM DNA methylation patterns [40] . Thus, our data suggested that cell cycle arrest and attenuation of invasion in GBM cells could be explained by HOTAIR depletion and subsequent inhibition of β-catenin (see Supplementary Figure S2A and S2B).
Anti-epigenetic therapy of Wnt/β-catenin and EGFR pathway was consider to be mostly prevail for therapeutic purposes in GBM [41] . Many factors were reported to regulate Wnt/β-catenin pathway, including non-coding RNAs, DKK1, SFRP1, WIF1 and etc [42] . HOTAIR interacted with the PRC2 and LSD1 complexes through a different domain than what was required for its robust epigenetic regulatory function [10] [11] [12] [13] . Importantly, we addressed which of the two domains of HOTAIR affected the NLK/β-catenin axis. To answer this question, DZNEP and 2PCPA were used to inhibit the PRC2 complex and the LSD1 complex separately; the aim of using this method was to study the function of the HOTAIR 5' and 3' domains. The U87 and U87vIII cells treated with the EZH2 inhibitor displayed similar phenotypic changes to HOTAIR-depleted cells. To sufficiently demonstrate this observation, we introduced the 5' and 3' domains of HOTAIR into astrocytoma cells, which were obtained from a grade II astrocytoma patient, using a lentivirus system to compensate HOTAIR expression. Interestingly, comparing with the 3' domain of HOTAIR, cells treated with the 5' domain of HOTAIR showed decreased expression of NLK, RB and E-cadherin and increased expression of β-catenin, PKM2, CyclinD1, N-cadherin and Slug. EZH2 is the core component of the PRC2 complex, which mediates the transcriptional repression of pro-differentiation genes in both normal and tumor cells [43] . EZH2 is highly expressed in malignant glioma, and its expression positively correlates with malignancy and poor patient prognosis [44] [45] [46] . Noncoding RNAs were proven involved in regulating EZH2, including miRNA and lncRNA [47] . Although the function of EZH2 is still unclear, recent research revealed that phosphorylation of EZH2 at serine 21 (pS21 EZH2) by AKT facilitates STAT3 methylation by EZH2 and enhances STAT3 activity, which is necessary to maintain GBM stem-like cell selfrenewal and tumor malignancy [48] . Based on our data, we deduced that the predominant function of HOTAIR in regulating GBM growth is the recruitment of the PRC2 complex to mediate target gene silencing by the 5' domain of HOTAIR.
In summary, our integrated analyses have identified that HOTAIR is a negative prognostic factor for GBM patients. We validated that knockdown of HOTAIR inhibited cell cycle progression and invasion of GBM cells. These effects were independent of EGFR activation status, highlighting the potential of HOTAIR as a candidate therapeutic target in GBM. Therefore, inhibiting HOTAIR activity with molecular inhibitors may lead to a favorable clinical outcome in patients with GBM. 
MATERIALS AND METHODS
Datasets of glioma samples
Immunohistochemistry for MGMT, Ki-67, EGFR and PTEN
Immunoperoxidase staining for MGMT, Ki-67, EGFR and MGMT (Santa Cruz Biotechnology) of 109 primary gliomblastoma samples from CGGA1 dataset was performed on formalin-fixed, paraffin-embedded tissue sections, according to the manufacturer's instructions. Each stained slide was jointly scored by 2 pathologists blinded to the clinical information. For statistical analysis, high expression (H) of EGFR and MGMT was defined as > 30% of positive-stained cells in the tumor (L, < 30%; ND, not determined because of sample limitation). The p53 and Ki-67 protein accumulation was defined as strong nuclear staining in at least 30% of the tumor cells. Two blinded pathologists independently evaluated the slides. In case of a discrepancy, the 2 observers simultaneously reviewed the slides to achieve a consensus.
Cell lines and culture conditions
The human GBM cell lines U87, U87vIII the breast cancer cell line MCF-7; and a glioma primary cultured cell line (astrocytoma) were used for experiments. U87vlll cell carries a truncated mutant EGFR gene, which can be activated without EGF stimulation consistently [31] . U87 and U87vlll GBM cells can represent GBM cell with or without EGFR activation. All cells were cultured in DMEM supplemented with 10% FBS, see details in the Supplementary Materials and Methods.
Drug treatments
We employed DZNEP (Merck Millipore) to inhibit the PRC2 complex (EZH2 is the catalyzed subunit) activity and 2PCPA (Merck Millipore) to inhibit LSD1 complex activity. For EZH2 cells were treated with 5 μmol/L DZNEP dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich) or 2PCPA dissolved in DDW for 48 hours.
Lentiviral infection
Lentiviruses containing a HOTAIR inhibitor sequence (Lenti-HOTAIR si) or negative control (Lenti-NC) sequence were obtained from Shanghai Genepharma, China. Lentiviruses containing the HOTAIR 3' or 5' domain were obtained from Shanghai Genechem, China. See details in the Supplementary Materials and Methods.
Additional experimental procedures for RNA extraction and whole-genome gene profiling, qRT-PCR [49] , mRNA sequencing and analysis, cell experiments in vitro [49] [50] [51] co-immunoprecipitation [51] , chromatin immunoprecipitation [52] , Western blots [49] , Immunofluorescence staining [49] , animal experiments and histopathology [48] experiments are described in the Supplementary Materials and Methods.
Statistical analysis
The statistical significance of differences between different groups was determined using Student's t-test. Gene profiling data were analyzed using either BRB-Array Tools44 or Gene Pattern software. Kaplan-Meier analysis and log-rank tests were used to evaluate the prognostic significance of HOTAIR expression level for patient survival. The Cox proportional hazards regression model was also used to evaluate independent prognostic factors for GBM samples with different levels of HOTAIR expression. One-way ANOVA was used to test for differences among at least 3 groups, and a least significant difference post-hoc test was used to obtain individual P values followed by ANOVA. The t-test was used to determine differences between 2 groups. P values < 0.05 were regarded as significant.
